The G protein-coupled receptors (GPCRs) are the largest class of membrane proteins that play key roles in transducing extracellular signals to intracellular proteins to generate cellular responses. The kinin GPCRs, named B1 (B1R) and B2 (B2R), are responsible for mediating the biological responses to kinin peptides released from the precursor kininogens. Bradykinin (BK) or kallidin (KD) are agonists for B2Rs, whereas their carboxypeptidase (CP)-generated metabolites, des-Arg 9 -BK or des-Arg 10 -KD, are specific agonists for B1Rs. Here, we review the evidence for a critical role of membrane-bound CPM in facilitating B1R signaling by its ability to directly activate the receptor via conformational crosstalk as well as generate its specific agonist. In endothelial cells, the CPM/B1R interaction facilitates B1R-dependent high-output nitric oxide under inflammatory conditions.
Introduction: regulation of G protein-coupled receptor function
The cellular responses to extracellular stimuli are typically transduced by transmembrane proteins whose conformational changes in response to the stimulus are transmitted to intracellullar domains, which then interact with and activate signaling cascades. The largest class of such transmembrane proteins is the G protein-coupled receptors (GPCRs), which comprise the largest human gene family and are targets for ∼ 30 % or more of all prescription drugs. The GPCRs have unique structural flexibility and multiple dynamic conformational states that can be altered or stabilized by ligand binding, leading to intracellular signal generation. More recent studies have shown that binding to allosteric sites, typically on extracelluar domains and distinct from the normal orthosteric agonist binding site, can trigger or alter receptor signaling or lead to biased agonism (Kenakin , 2009 ) .
The agonists for the GPCRs are commonly small molecules, peptides, or sensory stimuli that interact with the receptors ' extracellular or transmembrane domains. Protein-protein interactions also play crucial roles in mediating and regulating receptor function. The beststudied examples are the canonical G proteins, GPCR kinases, and arrestins (Ritter and Hall , 2009 ). However, numerous other proteins can interact with the GPCRs to facilitate signaling, localize them to specific subcellular regions, scaffold them with other molecules to enhance signaling efficiency, regulate receptor trafficking, or alter receptor pharmacology. Most of these proteins interact with the intracellular domains of GPCRs, but some membrane proteins can also interact with the GPCRs and regulate their function. Notable examples include the GPCRs, themselves, which can form homo-and heterodimers, and single transmembrane receptor activity-modifying proteins (or RAMPs) I -III, which bind to the GPCRs and alter their agonist selectivity (Ritter and Hall , 2009 ). However, very few other membrane proteins have been described to regulate the GPCR signaling.
Peptidase regulation of kinin signaling
Early interest in enzymes that cleave kinins (broadly termed ' kininases ' ) was inspired by studies of acetylcholine degradation by cholinesterases, where it became evident that enhancing acetylcholine levels by inhibiting cholinesterases is a better therapeutic strategy than administering the agonist itself (Erd ö s, 2002 ) . Initial investigations by Erd ö s and colleagues uncovered a prominent carboxypeptidase (CP) in plasma that cleaved the C-terminal Arg from kinins (named kininase I and later CPN) and another enzyme in the kidneys that cleaved the C-terminal Phe-Arg dipeptide from kinins called kininase II (Erd ö s, 2002 ) . They later showed kininase II to be identical with the angiotensin I-converting enzyme (ACE) (Yang et al. , 1970 ; Erd ö s, 2002 ) . The nonapeptide bradykinin (BK) or decapeptide kallidin (KD), released from kininogen precursors by plasma or tissue kallikrein, are both natural agonists for the kinin GPCR named B2 (B2R), which is constitutively expressed. However, a second kinin GPCR called B1 (B1R), whose expression is induced by inflammatory mediators, is instead activated by metabolites generated by CP-mediated removal of the C-terminal Arg from BK or KD to produce des-Arg 9 -BK (DABK) or des-Arg 10 -KD (DAKD), which are not agonists of B2Rs. In this regard, kininase I-type cleavage is required to generate B1R agonists but inactivates them as B2R agonists, whereas kininase II-type cleavage inactivates kinins for both receptors. Numerous additional peptidases were found to cleave kinins (Erd ö s and Skidgel, 1997 ; Erd ö s, 2002 ) and can have significant roles in regulating kinin function depending on the tissue and pathological conditions, but ACE (kininase II) and kininase I-type CPs remain as the key regulators of B2R and B1R function.
The renin-angiotensin and kallikrein-kinin systems were initially considered to be endocrine systems, and the systemic balance between vasopressor and vasodilator peptides were thought to play a key role in regulating blood pressure. However, it later became clear that these systems have primary functions as local hormone systems with autocrine/paracrine effects (Carretero and Scicli , 1991 ) . Thus, the peptides in the circulation likely represent ' spillover ' of those generated at local sites, and although blood-borne enzymes may prevent the toxic buildup of these hormones in the blood, they have less to do with the normal regulation of peptide activity and signaling. This function is more likely carried out by membrane-bound peptidases with extracellular active sites, where local cleavage of peptide agonists regulates their levels at or near their cognate receptors.
Carboxypeptidase generation of B1R agonist
Mammalian CPs can be divided into two groups based on substrate specificity; the CPA-type enzymes preferentially cleave C-terminal hydrophobic residues and the CPB-type enzymes hydrolyze only the peptides containing C-terminal Arg or Lys (Skidgel , 1996 ) . Thus, the CPB types are good candidates to generate des-Argkinin B1R agonists to stimulate B1R signaling. The first discovered enzyme, pancreatic CPB, rapidly removes the C-terminal Arg from kinins (Erd ö s et al., 1963 ) , but its localization and primary digestive function in the pancreas and intestine means it has no significant role in regulating kinin function. The two CPB-type enzymes in the blood, CPN (the original kininase I) and CPU (also called TAFI) the cleave C-terminal Arg of BK (Erd ö s and Skidgel, 1997 ; Skidgel and Erd ö s, 2004 ) . However, CPU is an inactive proenzyme that is activated during coagulation, and CPN preferentially cleaves C-terminal Lys and has relatively poor kinetic constants with BK (Skidgel et al. , 1984 ) . In addition, generated des-Argkinins would be diluted into the large blood volume before reaching the B1R, reducing efficacy. This process would more likely be efficiently carried out by the cellular B-type CPs. Of the known cellular enzymes, CPE has an acidic pH optimum and is localized in the secretory granules, whereas CPZ is localized in the extracellular matrix (Reznik and Fricker , 2001 ) , making these enzymes unlikely candidates. This function would be better served by a membrane-bound CP in close proximity to the receptor. CPD is membrane-bound and readily cleaves BK (McGwire, G., Tan, F. and Skidgel, R.A., unpublished) ; however, it is primarily localized in the trans -Golgi network and has an acidic pH optimum of 6.2 (Hadkar and Skidgel , 2001 ; Reznik and Fricker , 2001 ) . Thus, CPD is unlikely to play a major role in generating B1R agonists.
CPM has ideal properties as a processing enzyme to generate des-Arg kinin agonists in close proximity to the B1R. CPM is a glycosylphosphatidylinositol (GPI)-anchored ectoenzyme on plasma membranes with a neutral pH optimum, preferentially cleaves C-terminal Arg, and has the lowest K m (16 μ m ) for BK of the physiological substrates tested, (Skidgel et al. , 1984 ; Skidgel et al. , 1989 ; Deddish et al. , 1990 ) . Furthermore, although CPM is constitutively expressed in a wide variety of cell types, endotoxin or cytokines, agents known to induce B1R expression (Leeb -Lundberg et al., 2005 ) , also increase CPM expression (Sangsree et al. , 2003 ; Hadkar et al. , 2004 ) . Thus, cells expressing B1Rs will likely also express CPM. The crystal structure of CPM revealed it to be comprised of a 295-residue N-terminal catalytic domain and an 86-residue, C-terminal β -sandwich (transthyretin-like) domain with a unique 25-residue extension to which the GPI anchor is posttranslationally attached (Reverter et al. , 2004 ) . Molecular modeling indicated that CPM may adopt a favorable orientation on the membrane for cleaving juxtamembrane substrates via tethering by the C-terminal extension and interaction of positively charged residues in the C-terminal β -sandwich domain with the phospholipid head groups (Reverter et al. , 2004 ) (Figure 1 ).
CPM interaction with B1R facilitates efficient signaling in response to B2R agonists
Because the native kinin peptides BK and KD are initially released from kininogen precursors, we investigated the role of CPM in the B1R response to these typical B2R agonists. The delivery of des-Arg-kinins to the B1R would likely be more efficient if there were close physical proximity between CPM and B1R on the membrane, more so if The CPM model shows its electrostatic surface potential based on the crystal structure and probable membrane association via the GPI anchor and electrostatic interactions (Reverter et al. , 2004 ) . The active-site groove is indicated by the zinc ion (magenta sphere). A ribbon model of the B1R is shown on the right. CPM cleaves the C-terminal Arg from kinins, and its close association with the B1R facilitates delivery of des-Arg-kinin agonists to the receptor.
it involved direct protein-protein interaction (Figure 1 ). To investigate this, we utilized HEK293 cells stably coexpressing CPM and B1R. We found that CPM and B1R were colocalized in lipid raft/caveolin-enriched membrane fractions as determined by gradient centrifugation (Zhang et al. , 2008 ) . Furthermore, CPM and the B1R do interact on the cell membrane as shown by coimmunoprecipitation, crosslinking, and fluorescence resonance energy transfer (FRET) analysis (Zhang et al. , 2008 ) .
To investigate the role of CPM in regulating B1R signaling, we measured the increase in intracellular calcium ([Ca ] i in response to 10 n m to 1 μ m KD ( Figure 2B ) that was blocked by a B1R antagonist or CPM inhibitor (Zhang et al. , 2008 ) . These data indicate that CPM can generate B1R agonist more efficiently than might be predicted by its K m of 16 μ m with BK, determined for the purified protein (Skidgel et al. , 1989 ) . To further investigate the role of B1R/CPM interaction in this response, we generated a covalently linked fusion protein with the N-terminus of the B1R fused to the C-terminus of CPM (lacking the GPI anchor sequence) ( To further investigate the role of the CPM/B1R interaction, we utilized a specific monoclonal antibody to CPM and identified its epitope to be residues 302 -311 in the C-terminal transthyretin-like β -sandwich domain, between β 9 and β 10. In cells coexpressing CPM and B1R, we found that this antibody disrupted the CPM/B1R interaction, and it inhibited the increase in [Ca 2 + ] i in response to B2R agonist, but did not inhibit CPM activity or B1R activation by des-Arg-kinin agonists (Zhang et al. , 2008 ) . In addition, it did not block the increase in [Ca Similarly, a peptide ( ' CT peptide ' ) containing this epitope (Ac-KGQVFDQNGNPLPN-NH 2 ) also disrupted the CPM/ B1R interaction and inhibited the response to B2R agonists, whereas a scrambled peptide with the same amino acids had no effect . Thus, the CPM/ B1R interaction is important in enhancing the efficiency of B1R signaling in response to B2R kinin agonists, and the C-terminal domain of CPM is important in mediating this interaction.
Kinin binding to CPM activates B1R signaling
We previously showed that Glu 264 is the essential catalytic glutamic acid in CPM and that mutation to Gln (CPM-E264Q) yields a catalytically inactive enzyme that is still able to bind a substrate (Tan et al. , 2003 ) . We initially planned to use this mutant as a negative control, but were surprised to find that HEK cells stably expressing CPM-E264Q and B1R also gave a dose-dependent increase in [Ca 2 + ] i to B2R agonist KD ( Figure 2C ) that was blocked by a B1R antagonist or CPM inhibitor . To explore the role of substrate-binding affinity on this noncatalytic response, we utilized cells coexpressing B1R and the catalytically inactive CPM mutant with an additional mutation (CPM-E264Q/ S180N) that reduces CPM ' s affinity for C-terminal Arg and increases affinity for C-terminal Lys. These cells lost the B1R response to BK (with C-terminal Arg) but acquired a response to kinins in which the C-terminal Arg was replaced with Lys (K 9 -BK or K 10 -KD) , indicating the importance of substrate binding.
To rule out the possibility that the interaction of CPM and B1R on the membrane somehow restored the catalytic activity of CPM to generate des-Arg-kinin B1R agonist, we measured the hydrolysis of a synthetic CPM substrate, dansyl-Ala-Arg, and BK in live cells stably coexpressing CPM-E264Q and B1R and found no activity with either substrate .
We reasoned that the response mediated by CPM-E264Q likely requires it to be coexpressed on the same cell as the B1R in contrast to the wild-type (wt) CPM, which generates des-Arg-kinins that can diffuse to more distant B1Rs. To investigate this, HEK cells stably expressing only wtCPM or CPM-E264Q were mixed with cells stably expressing only B1Rs in a 1:1 ratio. Whereas 1 μ m BK did induce a significant increase in [Ca ] i in mixed cells expressing CPM-E264Q and B1R . This response also required the interaction between CPM and B1R in co-expressing cells as it was inhibited by disruption of the interaction with the CPM monoclonal antibody .
To determine whether physical interaction between CPM-E264Q and B1R was sufficient to generate a response to BK or KD, we made a fusion protein as above with CPM-E264Q linked to the N-terminus of the B1R. Although this chimeric protein responded to direct application of B1R agonist DAKD, it gave only a minimal calcium response to binding of KD or BK simultaneously with B1R (Figure 4 ) . Thus, CPM binding of the C-terminal Arg might shield the positive charge from Lys118, allowing the kinin N-terminus to bind B1R (Figure 4 ; top). However, because the CPM active site interacts with three C-terminal residues of its substrates (Reverter et al. , 2004 ) , it would likely prevent productive binding of the remaining peptide to the receptor. To address this, we assessed the ability of a B1R agonist (which would not bind CPM) or a CPM inhibitor (which would not bind the B1R) to displace [
3 H]-BK binding on cells coexpressing CPM-E264Q and B1Rs. Whereas the CPM inhibitor MGTA almost completely displaced bound 3 [H]-BK, the B1R agonist DABK had little effect . These data indicate that BK binds to CPM and does not bind simultaneously to the active site of CPM and orthosteric binding site of the B1R.
Taken together, our results are consistent with the possibility that binding of BK or KD to CPM-E264Q causes a conformational change that is transmitted to the B1R by protein-protein interaction, leading to receptor activation (Figure 4 ; bottom). To address this possibility, we used an intramolecular FRET approach (Hoffmann et al. , 2005 ) , in which a tetracysteine motif (CCPGCC; binds the FRET acceptor, a small molecule called FlAsH) is inserted into the third intracellular loop of the B1R, and the cyan fluorescent protein (CFP) FRET donor is fused to the C-terminus to generate B1R-TC-CFP (Figure 5 A) . There was basal FRET between CFP and FlAsH in B1R-TC-CFP and FRET increased upon agonist stimulation ( Figure 5B ). B1R antagonist des-Arg 10 -Leu 9 -KD (DALKD) or BK gave no response, and the pretreatment of cells with DALKD inhibited the increased FRET in response to DAKD ( Figure 5B ). These data show that the fluorophores are close enough to exhibit FRET, and the increase in FRET upon agonist stimulation is consistent with a conformational change that reduces the distance between the CFP and FlAsH fluorophores.
To determine whether BK binding to CPM can cause a conformational change in the B1R consistent with activation, the change in intramolecular FRET of B1R-TC-CFP was examined. BK induced a significant increase in FRET in cells stably coexpressing B1R-TC-CFP and wtCPM or CPM-E264Q, but not in cells expressing only B1R-TC-CFP or coexpressing negative control CPD-DIII (the inactive membrane-bound domain of CPD) ( Figure 5C ). These data show that BK binding to CPM causes a conformational change in B1R that reduces the distance between the third 1 μ m KD in contrast to the B1R fusion protein with wtCPM ( Figure 3B ). Thus, tethering wtCPM to the N-terminus of the B1R still allows efficient delivery of enzymatically generated agonist to B1R, but does not allow substrate binding to CPM-E264Q to generate a response to KD. We interpret this to mean that the CPM-E264Q-mediated response requires proper orientation/binding of CPM-E264Q and B1R on the membrane, which is not reproduced by covalent linkage.
CPM mediates B1R activation via conformational crosstalk
The presence or absence of the C-terminal Arg determines the specificity of kinin peptides for the B2R or B1R due to repulsion of Lys118 in the transmembrane domain 3 of B1R, which corresponds to Ser111 in B2R (Leeb -Lundberg et al., 2005 ) . One mechanism by which the CPM-E264Q/B1R interaction could cause B1R signaling in response to BK or KD is by participating in the intracellular loop and the C-terminal tail, similar to that induced by the B1R agonist. The increase in FRET was greater in cells coexpressing B1Rs and wtCPM compared with those coexpressing CPM-E264Q ( Figure 5C ), likely due to the ability of wtCPM to also convert BK to B1R agonist.
CPM-B1R crosstalk: why does it have to be so complicated ?
The classical notion that peptidases regulate peptide activity by enzymatic hydrolysis to generate active or inactive fragments is true as far as it goes, but it is not the whole story. The idea that peptidases and peptide receptors have more subtle and complex relationships than originally thought may strike some as unnecessarily complicated. However, it has become clear in recent years that cells are highly complex, organized structures that can carry out their signaling, metabolic and synthetic functions much more efficiently and with higher fidelity than proteins and enzymes floating freely in solution. For example, protein signaling complexes form functional units that are critical to the transmission of extracellular signals across the cell membrane and their efficient propagation intracellularly (Ritter and Hall , 2009 (Marcic et al. , 2000 ; Chen et al. , 2006 ) , indicating that a conformational change in ACE upon inhibitor binding is likely transmitted to the receptor to mediate these actions (Erd ö s et al., 2010 ) . Because CPM is a GPI-anchored protein, it would only be capable of interacting with the extracellular domains of the B1R (Figure 1) . In fact, recent evidence shows that the extracellular loops of the GPCRs contain potential ligand binding sites for the allosteric control of receptor functions (Kenakin , 2009 ). Thus, a membrane peptidase with an extracellular domain(s) could regulate receptor function by interacting with such a site. Taken together, the above data indicate that CPM promotes B1R signaling in at least two ways: first, it causes B1R activation upon binding of BK or KD, and second, it generates the B1R agonist, which can further activate the bound receptor or diffuse and activate the adjacent receptors ( Figure 6 ).
What would be the advantage to a cell of having this type of signaling complex that allows conformational crosstalk to activate a receptor ? First, it would potentially boost the receptor signal at relatively lower concentrations of kinins. Second, it would allow localized signaling to occur without the drawback of unwanted distant effects that would likely occur if the agonist was generated at a distant site and had to diffuse to the receptor on a different cell. This can be seen in our studies by comparing 
Change/activation Figure 6 Model of how CPM/B1R interactions mediate signaling in response to BK. CPM and its potential membrane orientation and basal interaction with the B1R is shown (left). Based on our results, BK (or KD) released from the kininogen precursor can stimulate B1R signaling in two ways via CPM. 1. Binding as a substrate causes a conformational change in CPM that is transmitted via protein-protein interaction to the B1R, resulting in G protein coupling and activation of calcium or nitric oxide signaling. 2. Catalytic conversion of BK (or KD) to B1R agonist that can further activate the associated receptor or additional B1Rs. For the catalytically inactive CPM-E264Q mutant, only the first mechanism of activation is possible. This research was originally published in Zhang et al. (2011) . © The American Society for Biochemistry and Molecular Biology.
the relative dose-responses to BK in the various CPM/B1R systems we investigated. Thus, in mixed cocultures of cells singly expressing either wtCPM or B1R, receptor activation would require diffusion of CPM-generated DABK from cells expressing CPM to those expressing B1R. In this case, a significant increase in [Ca 2 + ] i was only achieved with 1 μ m BK (Figure 7 ) . Cells coexpressing CPM-E264Q and B1Rs, in which only interaction-dependent receptor activation was possible, were more sensitive to BK with both 1 μ m and 100 n m (but not 10 n m ) BK generating a calcium response (Figure 7) . The most potent response was obtained in cells coexpressing wtCPM and B1Rs, where both CPM/B1R interaction and agonist generation would occur. In this case, 10 n m BK generated a calcium response similar to that achieved with 100 n m BK in cells coexpressing CPM-E264Q and B1R (Figure 7 ).
Kinin receptor-dependent nitric oxide production in endothelial cells
Stimulation of the kinin B2R in endothelial cells is well known to generate nitric oxide (NO) as a mediator of its vasodilator effects (Kuhr et al. , 2010a ) . Signaling pathways ] i was recorded and quantified in HEK cells stably coexpressing B1Rs and either wtCPM or CPM-E264Q in response to treatment with various concentrations of B2R agonist BK. In the last group (last three bars), the calcium response was quantified in mixed cocultures of cells singly expressing either wtCPM or B1R after stimulation with the indicated concentration of BK. The results were normalized by defining the calcium response of cells stimulated by 1000 n m B1R agonist DABK as 100 % in the corresponding experimental system. The data are expressed as mean ± SE (n = 3). This research was originally published in Zhang et al. (2011) . © The American Society for Biochemistry and Molecular Biology. mediating B2R-dependent NO production have been extensively characterized in cultured bovine aortic endothelial cells and human umbilical vein endothelial cells and found to result in a calcium-mediated and phosphorylationdependent activation of eNOS (Venema , 2002 ) . However, the activation of the kallikrein-kinin system and the generation of B2R agonist kinins are typically associated with inflammation, and B2R-stimulated NO production has not been studied in endothelial cells under these conditions. We recently found that the human lung microvascular endothelial cells (HLMVEC) pretreated with cytokines (to mimic inflammatory conditions) produced a higher and more prolonged output of NO ( ∼ 80 min) when stimulated with BK than the transient response ( ∼ 10 min) found in the control HLMVEC. Furthermore, the BK-stimulated NO generated by cytokine-treated HLMVEC was produced by eNOS via a novel G α i-mediated signaling pathway that was independent of increased [Ca Zhang, and R.A. Skidgel, submitted) . Thus, B2R-stimulated NO production in both control and inflamed endothelium is due to the activation of eNOS, although the signaling pathways are distinct, and the resulting NO output differs both in quantity and time course.
We found that B1R stimulation of cytokine-treated HLMVEC led to even higher and more prolonged NO output than B2R, but in contrast to the B2R response, it was mediated through acute activation of iNOS and not eNOS ( Ignjatovic et al. , 2004 ; Zhang et al. , 2007 ) . This was confirmed by the lack of B1R-mediated NO production in control HLMVEC (expressing eNOS) that were transfected with B1Rs or in HEK293 cotransfected with B1Rs and eNOS (Zhang et al. , 2007 ; Brovkovych et al. , 2011 ) . It was surprising that iNOS activity could be acutely activated in a receptor-dependent process as iNOS is considered to be regulated only by expression. We found the mechanism of this novel iNOS-activation pathway to be G α i-mediated and β -arrestin 2-dependent ERK1/2 activation, resulting in ERK phosphorylation of iNOS at Ser 745 (Zhang et al. , 2007 ; Kuhr et al. , 2010a,b ) . Taken together, the data show that kinin-mediated NO production in human endothelial cells is more profound and prolonged under inflammatory conditions and that B2Rs activate eNOS, whereas B1Rs activate iNOS.
CPM interaction with B1R enhances signaling in primary endothelial cells
We investigated the role of the CPM/B1R interaction by measuring B1R-dependent NO production in response to B2R agonist BK in primary HLMVEC pretreated with cytokines . To disrupt the CPM/B1R interaction without inhibiting CPM, we utilized the ' CT peptide ' and the CPM monoclonal antibody described above. The cytokine-treated HLMVEC were preincubated with B2R antagonist HOE140 to block the direct B2R responses. BK (100 n m ) stimulated prolonged NO output that was blocked by B1R antagonist DALKD (Figure 8 ). Preincubation with either the CPM antibody or CT peptide, blocked B1R-mediated NO production in response to 100 n m BK, but the scrambled peptide had no effect (Figure 8) . However, the CPM antibody and CT peptide were less effective inhibitors when cells were stimulated with 1 μ m BK (Figure 8) . Thus, the CPM/B1R interaction plays a more critical role at a lower BK concentration, indicating that at high BK concentrations, the concentration of CPM-generated B1R agonist is high enough to diffuse and activate dissociated B1Rs to generate a partial response.
Peroxynitrite (ONOO At time zero, 100 n m BK was added, and NO production was measured in real time for 20 min with a porphyrinic microsensor. (B) Cells were pretreated with 1 μ m HOE140 without or with 500 ng/ml CPM monoclonal antibody, 50 μ m CT peptide, or scrambled CT peptide (Scr. peptide) for 30 min. Cells were stimulated with 100 n m or 1 μ m BK and NO production measured for 20 min. Shown are mean values as % control (100 n m BK alone = 100 % ) ± SE (n = 3). This research was originally published in Zhang et al. (2011) . © The American Society for Biochemistry and Molecular Biology. HLMVECs, grown to confluence on gold electrodes coated with 10 μ g/ml fibronectin, were cytokine pretreated (10 ng/ml IL-1 β + 100 U/ml IFN-γ , 16 h). The medium was changed, the cells were allowed to stabilize, and all the samples were pretreated with 10 μ m HOE140 to block B2R responses. Cells were then treated with 1 μ m BK (added at the black arrow) alone (black line) or combined with 200 μ m pyrogallol (Pyro; superoxide generator) without (blue line) or with 1 μ m B1R antagonist DALKD (green line), 50 μ m CT peptide (red line) or 50 μ m scrambled (Scr) peptide (brown line), and transendothelial electrical resistance was measured. The results show mean values ± SE for n = 4. This research was originally published in Zhang et al. (2011) . © The American Society for Biochemistry and Molecular Biology.
endothelial barrier disruption (Pacher et al. , 2007 ) . We used transendothelial electrical resistance (TER) to investigate the role of CPM/B1R interaction in ONOO --mediated endothelial barrier disruption . As above, cytokine-pretreated HLMVEC were preincubated with HOE140 to block B2Rs. The addition of 100 n m BK to stimulate B1R-mediated NO production (as above) resulted in a modest increase in TER (Figure 9 ). However, when combined with pyrogallol (which auto-oxidizes to produce O 2 .-), BK caused a large drop in resistance, consistent with a ONOO --mediated increase in endothelial permeability, and this was reversed by B1R antagonist DALKD (Figure 9) . Interestingly, the CPM CT peptide almost completely reversed the decrease in resistance caused by BK + pyrogallol, whereas the scrambled peptide had no effect ( Figure 9 ). Thus, the CPM/B1R interaction is important in mediating B1R-iNOS signaling and its effects on barrier function in primary endothelial cells that express both proteins at native levels.
Conclusions
We found that CPM functions as an important mediator of B1R signaling, acting as a kind of " coreceptor. "
In addition to its important role in generating B1R agonists at the cell surface in the vicinity of the B1R, CPM also mediates BK or KD stimulation of B1R signaling by a novel conformational crosstalk that depends on kinin binding to the active site of CPM and is independent of its enzymatic activity (Figure 6 ). This effect of CPM is critically dependent on the proper orientation of CPM on the membrane and the integrity of its complex with B1R. This interaction facilitates the ability of CPM to potentiate B1R signaling at low concentrations of native kinins as we showed in both transfected HEK cells and cytokinetreated HLMVEC-expressing native levels of B1R and CPM. Inflammatory cytokines upregulate B1R, iNOS, and CPM expression in human endothelial cells, and the activation of B1R signaling stimulates iNOS-dependent high-output NO in endothelial cells under inflammatory conditions that could alter endothelial barrier function. Thus, this novel mechanism of regulating GPCR signaling might be exploited to develop drugs to alter CPM/B1R interaction and thereby regulate kinin signaling.
